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Abstract. We present a technique for the measurement of both amplitude and phase of 
sinusoidal vibrations with double-exposure stroboscopic TV holography combining optical 
and mechanical phase shifting. Using double-exposure stroboscopic illumination, there is 
no need of recording a reference state of the object and, consequently, the measurements 
can be made “in flight”, with a sensitivity to environmental noise much lower and with a 
more efficient use of the available laser power than with the former single-exposure 
techniques developed for the same purpose. 
1 Introduction 
Television holography (TVH), also known as electronic speckle pattern 
interferometry (ESPI), has been largely used for vibration analysis. 
Conventional TVH techniques, either using continuous or stroboscopic 
illumination, yield fringes that only reveal the amplitude or the instantaneous state 
of the vibration. Nevertheless, the total determination of the dynamic displacement 
of sinusoidally vibrating objects requires the measurement of both the amplitude 
and the phase of vibration. 
Several techniques to measure the mechanical phase of vibration with TVH 
have been already proposed. The elder of them [1] uses time-averaging with 
homodyne optical phase modulation to find the areas of the object where the 
vibration is in phase with the modulation; the mechanical phase of the modulation 
is then manually shifted to scan the object tracing contours of equal phase. 
A variant of this technique [2] takes conveniently chosen values of the 
amplitude and the mechanical phase of the optical phase modulation to 
automatically produce phase maps representing, respectively, the amplitude and 
the mechanical phase of the vibration. Unfortunately, this method is restricted to 
vibrations of very small amplitude (sub-fringe). 
A technique based in single-exposure stroboscopic TVH with mechanical-
phase shifting of the illuminating pulses [3] was proposed some years ago. That 
technique can be applied to vibrations of any amplitude, provided that the pulses 
are short enough. A reference image with the object at rest was used to generate 
the fringe patterns in the first version of this technique and, consequently, its 
sensitivity to environmental noise was very high and restrained its application to 
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well-controlled laboratory conditions. Later on, the technique was improved by 
taking the reference with the object under vibration instead [4], what marginally 
relaxed the experimental stability requirements. 
Double-exposure stroboscopic TVH has the same ability to cope with 
vibrations of large amplitude as other stroboscopic techniques. As the fringes are 
usually generated by sequential subtraction [5], it does not require the acquisition 
of a reference image and, therefore, exhibits a sensitivity to environmental noise 
as small as time-averaging. Furthermore, with the phase modulation techniques 
that we and also other authors have recently developed [5, 6], temporal phase 
shifting techniques can be applied to evaluate the phase of the fringes. 
In this paper, we describe how these double-exposure stroboscopic techniques 
are merged with the aforementioned method to measure the amplitude and the 
phase of sinusoidal vibrations. We will use in the following the model and 
nomenclature that we have proposed for TVH in reference [7]. 
2 Theory 
The fringe patterns, that we call secondary correlograms, produced by phase-
modulated double-exposure stroboscopic TVH with sequential subtraction as 
described in reference [5] can be written (see Eq. (6.16) of reference [7]) as 
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xII =  is the local value of the intensity at a generic point x = (x,y) of the 
secondary correlogram, g = g(λ) is the spectral sensitivity of the camera, 
I0 = I0(x) and V = V(x) are, respectively, the local average intensity and visibility, 
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is the local change experienced by the object phase difference φo on going from 
one light pulse to the next, respectively fired at the instants tp1 and tp2, 
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is the average value of the object phase difference, ψp = ψp(x) is the random 
component of the phase difference between the interfering speckle-patterns and, 
finally, φrS is the amplitude of the synchronous component in the phase-
modulation scheme of our technique [5]. 
Whenever the measurand undergoes a sinusoidal vibration, the object phase 
difference can be written as 
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where φom = φom(x) is the local amplitude of vibration in terms of optical phase, 
ωo is the frequency, common to all the points of the object, and ϕo = ϕo(x) is the 
initial mechanical phase of the vibration, that may be different for each point. 
With sinusoidal vibrations, it is convenient to represent the relative position of 
the light pulses in terms of mechanical phase instead of time: 
2,1;pop == jt jj ωϕ . (5) 
Using (4) and (5), Eqs. (2) and (3) can be written as: 
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where, as shown in Fig. 1, 
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is the separation between the two illumination pulses that fall inside each period of 
vibration, and 
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is their average position. 
The secondary correlograms that result from substituting Eqs. (6) and (7) 
into (1) can be identified with a generic sinusoidal fringe pattern as follows: 
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The phase of these correlograms φ can be evaluated (modulo 2π) using temporal 
phase shifting techniques. As the mean intensity i0 and the phase φ of the fringe 
pattern must be constant during the evaluation process, the vibration state of the 
object (defined by φom and ϕo) must be stable, environmental perturbations must 
not affect noticeably the characteristics of the speckle pattern (I0, V and ψp) and 
the positions of the stroboscopic pulses must not be altered whilst the phase is 
shifted by changing the amplitude of the phase modulation φrS. 
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Fig. 1. Convention to specify the positions of the illumination pulses (left) and mechanical 
phase-shifting scheme (right) used with our technique. 
After removing the 2π ambiguity, the resulting phase maps follow the 
expression: 
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that can be also identified with a sinusoidal fringe pattern, as shown. This new 
fringe pattern has no DC component and its phase can be shifted by changing the 
mean position of the illumination pulses pϕ . 
The two-step phase-shifting method already used in references [3] and [4] can 
be applied to calculate i0 and φ. Two phase maps as in Eq. (11) are obtained with a 
mechanical phase shift of π/2 (Fig. 1): 
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The mechanical phase of the vibration ϕo is then calculated as: 
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and the mean intensity i0, that is proportional to the amplitude of vibration φom: 
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where the proportionality factor kφ is controlled by the pulse separation ∆ϕp. The 
overall sensitivity of the technique can be reduced with this factor to keep a 
reasonable fringe density across the correlogram even with vibrations of very high 
amplitude. 
3 On the requirement of absolute phase unwrapping 
A key step in the foregoing process is the unwrapping of the phase map resulting 
from evaluating the correlograms described by Eq. (10). 
Unwrapping algorithms assign a fringe order n to each part of the phase map to 
remove the 2π discontinuities that result from the use of the arc tangent function in 
the evaluation process. It is usual to assign the order n = 0 to an arbitrary fringe 
and then unwrap the phase relative to this reference. This introduces an error of 
2n0π in the final value of the phase, the same for all the points in the image. 
Although this error is acceptable for most applications, it will completely ruin 
the results of our technique as: 
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It is then strictly necessary to perform the unwrapping in absolute terms, i.e., 
assigning the fringe order n = 0 to the points of the object that do not experience 
displacement between the illumination pulses. One can take two alternative 
strategies to achieve this goal: 
• Prior knowledge about the clamping conditions of the object can be used to 
select manually the reference fringe. Although simple and reliable, this is not 
always feasible, especially if only a part of the object away from the clamping 
area is imaged. 
• The control of the sensitivity that our method provides through the separation 
between pulses can be used to implement absolute phase unwrapping 
algorithms as Gushov-Solodkin's [8] or Zhong-Wang's [9]. In this case, two or 
more wrapped phase maps must be obtained from fringe patterns following 
Eq. (10) with different ∆ϕp to calculate each unwrapped phase map. 
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4 Experiment 
We have implemented the technique herein presented in a fibre optic electronic 
speckle-pattern interferometer with sensitivity to out-of-plane displacements that 
we already used for some our previous work. As shown in Fig. 2, it incorporates 
intensity and phase modulators controlled by electronic synchronism-units 
expressly designed to comply with the requirements of our technique (see Ref. [5] 
for details). 
In Fig. 3 we present an example of the application of our technique to the 
measurement of the amplitude and the phase of vibration of an industrial 
ventilation fan (∅300 mm) clamped by its centre, that is placed out of the field of 
vision, and excited at 784.7 Hz with a piezoelectric unimorph disk stuck near the 
root of the blade that appears in the images. The front face of the blade is coated 
with retro-reflective tape to optimize the use of the available laser power. 
A coupled flexural resonance mode, i.e., the superposition of two pure modes, 
appears at this frequency. The resulting stationary wave has a different phase at 
each point of the blade, as evidenced in the mechanical phase map. Consequently, 
the secondary correlograms obtained with time-averaging, that only show the 
amplitude of vibration, are significantly different of those generated with double-
exposure stroboscopic illumination. 
 
 
Fig. 2. The experimental prototype used to test our technique. Legend: [AOM] acousto-
optic modulator, [GL] GRIN lens, [DC] directional coupler, [PD] photodiode, [PM] phase 
modulator, [PLC] polarization controller, [VAD] variable attenuator, [BS] beam splitter, 
[ZL] zoom lens and [CCD] charge coupled device video camera. 
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Fig. 3. Secondary correlograms of a fan blade vibrating in a coupled mode, obtained with: 
(a) time-averaging and double-exposure stroboscopic with (b) pϕ = –π/2, and (c) pϕ = 0. 
(d) Example of the application of our technique to the measurement of that vibration. 
Legend: [SC] secondary correlograms, [WP] wrapped phase maps, [UP] absolutely 
unwrapped phase maps (using Zhong-Wang's [9] algorithm), [FUP] filtered unwrapped 
phase maps (10 iterations of a 5×5 median filter) and [MM] resulting mechanical maps. 
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5 Conclusions 
We have presented and demonstrated a technique for the total determination of the 
dynamic displacement of sinusoidally vibrating objects, i.e., the measurement of 
their local amplitude and phase. This new method results of the assembling of two 
techniques previously contrived by the authors. 
The use of double-exposure stroboscopic TVH provides much lower sensitivity 
to environmental noise and more efficient use of the available laser power than 
single-exposure. Furthermore, the separation of the illuminating pulses is used to 
control the overall sensitivity and also to automate the absolute phase unwrapping 
required for the implementation of our technique. All these features make of this 
technique a promising tool for the industrial measurement of vibrations. 
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